Background High-frequency oscillatory ventilation (HFOV) allows for small tidal volumes at mean airway pressures (mPaw) above that of conventional mechanical ventilation (CMV), but the effect of HFOV on hemodynamics, oxygen metabolism, and tissue perfusion in acute respiratory distress syndrome (ARDS) remains unclear. We investigated the effects of HFOV and CMV in sheep models with ARDS. Methods After inducing ARDS by repeated lavage, twelve adult sheep were randomly divided into a HFOV or CMV group. After stabilization, standard lung recruitments (40 cmH 2 O × 40 seconds) were performed. The optimal mPaw or positive end-expiratory pressure was obtained by lung recruitment and decremental positive end-expiratory pressure titration. The animals were then ventilated for 4 hours. The hemodynamics, tissue perfusion (superior mesenteric artery blood flow, pHi, and Pg-aCO 2 ), oxygen metabolism and respiratory mechanics were examined at baseline before saline lavage, in the ARDS model, after model stabilization, and during hourly mechanical ventilation for up to 4 hours. A two-way repeated measures analysis of variance was applied to evaluate differences between the groups. Results The titrated mPaw was higher and the tidal volumes lower in the HFOV group than the positive end-expiratory pressure in the CMV group. There was no significant difference in hemodynamic parameters between the HFOV and CMV groups. There was no difference in the mean alveolar pressure between the two groups. After lung recruitment, both groups showed an improvement in the oxygenation, oxygen delivery, and DO 2 . Lactate levels increased in both groups after inducing the ARDS model. Compared with the CMV group, the superior mesenteric artery blood flow and pHi were significantly higher in the HFOV group, but the Pg-aCO 2 decreased in the HFOV group. Conclusion Compared with CMV, HFOV with optimal mPaw has no significant side effect on hemodynamics or oxygen metabolism, and increases gastric tissue blood perfusion.
A cute respiratory distress syndrome (ARDS) is common in critically ill patients admitted to intensive care units. Despite being the most widely used approach for treating ARDS, protective conventional mechanical ventilation (CMV) still causes ventilator-induced lung injury (VILI) because of alveolar overdistension and the cyclic collapse/ re-opening of lung units, which elicits inflammatory responses and worsens the damage, 1 even in lower tidal volume ventilations.
High-frequency oscillatory ventilation (HFOV), a theoretically optimal lung-protective strategy, 2,3 allows for a higher mean airway pressure (mPaw) and extremely small tidal volumes that are often smaller than the anatomical dead space. 2 HFOV applications enable a consistently sufficient end-expiratory volume without inducing overdistension or alveolar collapse because of the much smaller tidal volumes. 4 Higher mPaw values and lower tidal volumes prevent alveolar derecruitment and overdistension, respectively, thereby maintaining alveolar stability. 5 Hence, HFOV improves oxygenation, reduces inflammatory processes and histopathological damage, and attenuates oxidative lung injury compared with protective MV, 6 especially with higher frequencies. 7 Recently, two multicenter, randomized control trials questioned whether HFOV would reduce mortality in adult patients with moderate-to-severe ARDS; the results from both tests showed that it actually worsened mortality. 8, 9 More HFOV group patients received vasoactive drugs and received them for a longer period of time compared with the control group patients. 10 However, the effect of HFOV on hemodynamics and tissue perfusion remains unclear. Our aim was to investigate the effects of HFOV and CMV on hemodynamics, oxygen metabolism and tissue perfusion in ARDS in a large animal model.
METHODS
The Science and Technological and the Animal Use and Care Committees of Southeast University School of Medicine approved this study. All experiments were performed according to the Guidance for the Care and Use of Laboratory Animals. 11 Thirteen male adult sheep were studied (Southeast University Medical College Laboratory Animal Center, China). The experiments were performed at the School of Medicine, Southeast University.
Animal preparation
Animals were fasted for 24 hours before the experiments, with free access to water. Before beginning the experiments, the sheep were placed in a supine position and anesthetized by intravenous ketamine (3 mg/kg) and midazolam (0.2 mg/kg) injections. To maintain the anesthesia and paralysis, intravenous ketamine (2 mg·kg -1 ·h -1 ), midazolam (0.1 mg·kg -1 ·h -1 ), and atracurium (0.4 mg·kg -1 ·h -1 ) infusions were continuously delivered. The airway was secured by a tracheotomy (tracheal tube, ID 8.0, Evac/ Larz, Tyco Healthcare, Dublin, Ireland) with local anesthesia provided by 2% lidocaine. The animals were mechanically ventilated with an Evita XL ventilator (Dräger, Lubeck, Germany) using the volume control ventilation (VCV) mode. A 1.0 fraction of inspired oxygen (FiO 2 ), a 5 cmH 2 O (1 cmH 2 O=0.098 kPa) positive endexpiratory pressure (PEEP), a 6 ml/kg tidal volume (V T ), at 30 breaths per minute (BPM) respiratory rate, and a 1:2 I:E (inspiration:expiration) ratio were used for the initial mechanical ventilator settings. The ventilation was also adjusted to maintain the arterial carbon dioxide pressure (PaCO 2 ) at 30 to 40 mmHg (1 mmHg=0.133 kPa). A Swan-Ganz catheter (Arrow International, Reading, PA) was inserted through the internal jugular vein and used to measure the central venous pressure (CVP) and pulmonary arteriole wedge pressure (PAWP) as well as to collect the mixed venous blood. A thermistor-tipped PiCCO catheter (Pulsion Medical System, Munich, Germany) was advanced through the right femoral artery to monitor the mean arterial pressure (MAP). Additionally, arterial blood samples were collected from a PiCCO catheter. Pneumatic VENTRAK TM Model 1550 respiratory mechanics monitoring system tubing (Novametrix Medical Systems Inc., Wallingford, CT) was connected between the ventilator Y-piece and the sheep inlet tube and was secured in an upward direction. After the abdomen was opened by a midline incision, the superior mesenteric artery was isolated. An electromagnetic flow probe connected to an electromagnetic flowmeter (MFV-2100; Nihon Kohden, Tokyo, Japan), was attached to the artery (Figure 1 ) and covered by sterilized dressing. Gastric intubation was performed to introduce the gastrotonometer (TRIP-NGS) tubes. A Tonocap monitor (Datex-Engtrom, Finland) was used to determine the basal gastric PgCO 2 and intracellular pH (pHi) levels. Additionally, the gastric mucosal pHi was continuously monitored. The Tonocap monitor automatically analyzed the gastric gas samples for PgCO 2 and simultaneously drew arterial blood for gas analysis. By collecting the arterial pH and PaCO 2 values, the Tonocap monitor automatically calculated all of the values, where pHi=pHa + log (PaCO 2 / PgCO 2 ) and Pg-aCO 2 = PgCO 2 -PaCO 2 .
Lung injury induction
After initial preparation, the animals were stabilized for 30 minutes and baseline measurements (T Baseline ) were taken. If the systolic blood pressure remained above 90 mmHg throughout the 30-minute period, then ARDS was induced by performing bilateral lung lavages with 30 ml/kg of isotonic saline (38 °C). The saline was infused through a funnel while the chest was gently massaged. After the maneuver, the excess fluid was allowed to drain by gravity and was removed by negative pressure suction through the proximal portion of the endotracheal tube. The alveolar lavages were repeated once every 10 minutes until the PaO 2 /FiO 2 ratio decreased to less than 60 mmHg (T ARDS ) and remained stable for 30 minutes (T Stable ) with unchanged ventilatory parameters.
Experimental protocol
After the saline lavage-induced ARDS, the animals were stabilized for 30 minutes, and post-injury measurements (T ARDS ) were obtained ( Figure 2 ). Additionally, the animals were randomly assigned to one of the following two treatment groups (n=6) according to a table of random numbers, and the following initial settings were used for each group: The HFOV group: frequency=6 Hz; FiO 2 =1.0; mPaw=20 cmH 2 O; bias flow= 30 L/min; amplitude=70 cmH 2 O; Ti=33% (HFOV Ventilator: 3100 B, SensorMedics Corporation, Yorba Linda, CA).
The CMV group: VCV mode with FiO 2 =1.0; PEEP=5 cmH 2 O; V T =6 ml/kg; RR=30 BPM; I: E ratio=1:2. After initiating the ventilation, continuous positive airway pressure (CPAP) was used to provide a sustained inflation at 40 cmH 2 O for 40 seconds in the CMV group, after which the PEEP was adjusted back to 20 cmH 2 O, and the mode was adjusted back to VCV. In the HFOV group, the mPaw was increased to 40 cmH 2 O without oscillation for 40 seconds, and the mPaw was then adjusted to 36 cmH 2 O. The lung recruitment maneuver was performed every five min until the PaO 2 /FiO 2 was greater than 400 mmHg or the increase in PaO 2 /FiO 2 was less than 10%. This condition was regarded as full lung inflation or the beginning of lung overdistension. 12 After full recruitment, the PEEP or mPaw levels were reduced at a decrement of 2 cmH 2 O every 5 minutes until the PaO 2 /FiO 2 was less than 400 mmHg or the decrease in PaO 2 /FiO 2 was greater than 10%. A total of +2 cmH 2 O was added to the lowest PEEP or mPaw that maintained oxygenation to obtain the optimal PEEP or mPaw levels. The animals were then ventilated on these settings for 4 hours.
Monitoring parameters
Hemodynamic and gas exchange indices were determined hourly and recorded at the following time points: T Baseline , T ARDS (after the lung injury period), and T Stable (30 minutes after ARDS model), as well as at 1, 2, 3 and 4 hours during the ventilation period ( Figure 2 ). Electrocardiography (1500, Spacelab Medical Inc., Issaquah, WA) was monitored continuously, and the heart rate (HR) was recorded. The CVP, mean pulmonary arterial pressure (PAP), and PAWP were monitored using calibrated pressure transducers. The MAP and cardiac output (CO) were continuously monitored by PiCCO. Moreover, the V T , airway pressure (PAir), mPaw, and static respiratory system (Crs) compliance levels were monitored using a VENTRAK Model 1550 respiratory mechanics monitoring system.
The HFOV group lung alveolar pressures were measured at each time point using the inspiratory occlusion maneuver, which included clamping of the endotracheal tube connected to the end of the breathing circuit Y-piece for 10 seconds to allow for measurements of the resulting intratracheal pressure during HFOV, which mimicked the manual "Insp hold" function of the Evita XL ventilator during CMV.
All blood gas measurements were performed using an automated blood gas analyzer (Nova M, Nova Biomedical, Waltham, MA). The paired arterial and mixed venous blood samples were drawn and analyzed at each measurement point.
During the experimental period, the central body temperature was monitored with a temperature probe on the PICCO machine and maintained at about 36.5°C-37.5°C by a thermostatically controlled heating pad. A continuous infusion of a 5 ml·kg -1 ·h -1 balanced electrolyte solution was administered during the experiment, and the MAP was maintained above 60 mmHg with rapid infusions of 0.9% saline solution at up to 20 ml/kg, if required.
Statistical analysis
The planned sample size of 6 animals per group provided over 80% power to establish that the MAP in the HFOV group was not inferior to that in the CMV group. The expected mean MAP difference was 10 mmHg with the common standard deviation of 12 mmHg. 13 Non-inferiority would be declared if the lower limit of the 95% CI of the mean MAP difference was not lower than −10 mmHg.
The data are expressed as the mean±SD (standard deviation). All analyses were performed using the SPSS 16.0 statistical package (SPSS Inc., Chicago, USA). Before performing the analytical procedure, the data distributions were assessed using the Kolmogorov-Smirnov test. The results showed that all of the data were normally distributed. A two-way repeated measures analysis of variance was applied to evaluate the timing effects and the hemodynamic, gas exchange and respiratory variable differences between the groups. In a post hoc analysis to separate the differences between the means, we used the Tukey pair-wise multiple comparison test for a factor or for the interactions of factors when a significant F ratio was obtained. All of the tests were two-tailed, and P values less than 0.05 were considered to be statistically significant.
RESULTS

General information
ARDS was successfully induced by the repeated lung lavage procedure in all 13 sheep. Two to six lavages were administered to reach the same criterion of a PaO 2 / FiO 2 ratio below 60 mmHg. One CMV group animal was excluded because of hypoxemia and refractory shock; therefore, 12 sheep were analyzed ((34.9±5.3) kg). As shown in Tables 1 and 2, there were no significant gas exchanges or hemodynamic parameter differences among the animals at baseline and at T ARDS . Additionally, no pneumothorax cases were observed during the experiment.
Hemodynamic variables
There was no significant difference in the HR, MAP, CO, CVP, or PAWP between the two groups. Moreover, there were no significant CO differences throughout the entire experiment. Following ARDS induction, MAP in the HFOV group significant decreased, while CVP and PAWP in the HFOV and CMV groups were significantly higher during the 4 h-ventilation period than at baseline and T ARDS ( Table 1) .
Gas exchange and oxygen delivery
Relative to T ARDS , the PaO 2 /FiO 2 ratios were significantly improved in both groups after recruitment and during the 4h-ventilation period. The PaCO 2 was significantly decreased during HFOV compared with CMV after recruitment. There were no DO 2 I or VO 2 I differences between the two groups. Additionally, the Q s /Q t improved after lung recruitment (P=0.034); however, no differences were observed between the two groups ( Table 2) .
Respiratory parameters
The tidal volume in the HFOV group was lower than that in the CMV group (P < 0.001). During the 4h-ventilation period, the Crs values were significantly improved compared to the Crs values during ARDS induction (T ARDS ). There were no significant differences in the mean alveolar pressures between the two groups ( Table 3) .
Tissue perfusion variables
In the HFOV group, the arterial blood pH values were Data are expressed as the mean ± SD. CMV, conventional mechanical ventilation, Cst, static respiratory system compliance, HFOV, high-frequency oscillatory ventilation, mPaw = mean airway pressure, T ARDS , after lung injury, T Stable , 30 minutes after ARDS model, V T , tidal volume. Compared with T ARDS , * P < 0.05, ** P < 0.01; compared with Baseline, † P < 0.05, ‡ P < 0.01; compared with CMV, § P <0.05.
higher than were those in the CMV group (P=0.047). Additionally, the lactate levels continuously increased in both groups following ARDS induction. Compared with the CMV groups, the superior mesenteric artery blood flow (P=0.014) and pHi (P <0.001) levels were significantly higher in the HFOV group; however, the Pg-aCO 2 decreased in the HFOV groups (Figure 3 ).
DISCUSSION
The major findings of this study are as follows: (1) There was no difference in the hemodynamic effects of the HFOV group with titrated optimal mPaw and the CMV group with optimal PEEP settings; (2) oxygenation, CO 2 elimination, and respiratory system compliance were improved in both groups; and (3) compared with the CMV group, the superior mesenteric artery blood flow and pHi were significantly higher in the HFOV group during the 4-hour ventilation period.
Positive pressure ventilation with decreased venous return affects hemodynamics. HFOV with a higher mPaw increased the intrathoracic pressure, may have reduced the pressure gradient and the amount of venous return to the heart, and subsequently decreased cardiac performance. 15 Additionally, HFOV reduced the biventricular preload, leading to decreased stroke volume and cardiac output without fluid resuscitation. Furthermore, when switching from CMV to HFOV, the hemodynamic responses were dependent upon the predefined PEEP setting during CMV and the applied mPaw during HFOV. 16 In our study, CVP and PAWP were higher after recruitment and during the ventilation period compared with the baseline values in all groups. Moreover, the HR, MAP, CO, CVP, and PAWP were not different among the four study groups. During the course of the experiment, continuous fluid infusions prevented hypovolemia, which in turn prevented hemodynamic instability. 17 The 15 demonstrated that HFOV using an mPaw set according to a static Pressure-Volume curve resulted in effective lung recruitment, and slice lung volumes during HFOV were equal to those from the deflation limb of the static P-V curve at equivalent pressures. Our study showed that the optimal mPaw in the HFOV group was (28.7 ± 2.1) cmH 2 O, which was higher than the mean airway pressure in the CMV group ((24.3±4.1) cmH 2 O), and that the hemodynamic effects in both groups were similar.
The main positive pressure ventilation mechanism was the direct hemodynamic impact of increased alveolar pressure. The increased afterload of the right side of the heart with the decreased preload of the left ventricle of the heart, caused by high intrathoracic pressure, resulted in a negative CO effect. The HFOV mPaw is the pressure set on the ventilator and monitored near the ventilator, not within the lung. Additionally, the HFOV alveolar pressure is related to the intubation tube diameter, oscillatory pressure, frequency, and respiratory system compliance. A lower alveolar pressure results from a smaller diameter, lower oscillatory pressure, higher frequency, and higher compliance. 19 The present study showed no significant hemodynamic effects in the CMV or HFOV animal groups, possibly because the optimal pressures were titrated in both groups to maintain open lungs. The lung injury severity that was inflicted in the two groups was identical, and therefore, the pressures that were needed to prevent atelectasis were similar. The HFOV group alveolar pressure was (19±2) cmH 2 O, which was approximately equal to the CMV group PEEP setting. Because the pressure from the endotracheal tube to the bronchus was attenuated, the alveolar pressure was significantly lower than the mPaw setting in the HFOV groups. Additionally, this result can be attributed to the similar hemodynamic effects in both groups. Moreover, the intrathoracic blood volume index and stroke volume variation did not change significantly throughout the experiment, as a continuous fluid infusion was given to maintain an adequate intravascular volume. This is another reason that the hemodynamic effects were alike in both groups.
The main goal of treating patients with ARDS is to improve oxygen delivery. A clinical study showed that HFOV improves oxygenation and organ function. 20 HFOV with a higher mPaw keeps the collapsed lung open, increases FRC, improves the V/Q ratio, and improves oxygenation. Compared with CMV, HFOV did not affect the hemodynamic stability, as our study demonstrated. The gastrointestinal tract is the most susceptible organ during blood perfusion and oxygen delivery impairments. Even after hypoxia/ischemia corrections, the gastrointestinal tract is often the last to recover. The pHi and Pg-aCO 2 are sensitive markers of impaired intestinal blood flow. 20, 21 The superior mesenteric artery blood flow is regarded as the gastrointestinal perfusion volume. Our study showed that when compared with the CMV group, the superior mesenteric artery blood flow and pHi were significantly higher, with decreased Pg-aCO 2 levels , in the HFOV groups. Our results showed that HFOV improved regional blood flow and oxygen delivery. This effect was caused by systemic oxygenation and oxygen delivery improvements, as well as by regional blood flow recovery after injury.
There are several limitations to this study. First, the present study only monitored a few gastrointestinal local blood flow and mucous perfusion variables. Assessing brain tissue blood flow and peripheral and sublingual microcirculatory perfusion will provide more accurate information about the systemic and local blood perfusion states. Second, as the animals were ventilated for only 4 hours, the short duration of these trials may have limited the emergence of discrepancies between the two ventilator strategies. Third, given the complexity of comparing such different ventilator modes, we attempted to evaluate them using their respective optimal settings to efficiently apply each one. Finally, the surfactant-depleted lungs that were induced by pulmonary lavages responded better to the PEEP application; however, this animal model lacked the ability to address ARDS induced by other factors.
In summary, our ARDS large animal model study showed that HFOV with an optimal mPaw delivered small tidal volumes, minimized alveolar stress, had no significant side effect on hemodynamics or oxygen metabolism, and increased gastric tissue blood perfusion.
